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ToxicityAbstract Nanoparticles (NPs) especially those of carbon nanotubes (CNTs) have remarkable
properties that are very desirable in various biological and biomedical applications. This has neces-
sitated the rapid study of CNT toxicities, to augment their safe use, particularly, in yeast cells. The
yeast cell; Saccharomyces cerevisiae is a widely used industrial and biological organism with very
limited data regarding their cellular behaviour in NPs. The current study examines the cellular
response of S. cerevisiae to MWCNTs. The CNTs were produced by the swirled ﬂoating catalytic
chemical vapour deposition (SFCCVD) method and covalently functionalised using 1,3-dipolar
cycloaddition. The CNT properties such as size, surface area, quality and surface vibrations were
characterized using TEM, SEM, BET, TGA and Raman spectroscopy, respectively. The cellular
uptake was conﬁrmed with a FITC functionalised MWCNTs using 1H NMR, SEM and TEM.
The CNT concentrations of 2–40 lg/ml were used to determine the cellular response through cell
growth phases and cell viability characteristics. The TEM and SEM analyses showed the
production of MWCNTs with an average diameter of 53 ± 12 nm and a length of 2.5 ± 0.5 lm.
The cellular uptake of FITC-MWCNTs showed 100% internalisation in the yeast cells. The growth
148 C.L. Phillips et al.curve responses to the MWCNT doses showed no signiﬁcant differences at P> 0.05 on the growth
rate and viability of the S. cerevisiae cells.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Carbon nanotubes (CNTs) are molecular-scaled tubes of
NPs known to possess tremendous mechanical, magnetic,
and electrical properties, high ﬂexibility, elasticity and low
thermal expansion coefﬁcient properties due to their unique
topology and structure (Simate et al., 2010; Yah et al.,
2011a,b). This has necessitated their noticeable interest in
biomedical applications such as drug delivery (Bianco
et al., 2005; Ngoy et al., 2011), medical imaging and cancer
treatment (Shvedova et al., 2009; Wu et al., 2010). Due to
increased carbon nanomaterials demand, production and
applications; their interactions in the environment is inevita-
ble. Furthermore, toxicological information on carbon-
containing materials with environmental organisms is limited
and published data on the toxic effects are contradictory
(Warheit et al., 2004; Cheng et al., 2009). Some studies have
indicated that NPs stimulate cells growth (Mitchell et al.,
2004) while others, have shown an increase in cell death
(Ghafari et al., 2008; Cheng et al., 2009). Yeast cell,
Saccharomyces cerevisiae which is widely used in industrial
and biological processes (Mitchell et al., 2004; Kasemets
et al., 2009) have very limited data regarding their cellular
behaviour to NPs. Furthermore, this species share major
metabolic pathways and orthologies with humans and have
the advantages of a well-studied model organism (Grosseteˆte
et al., 2010). Therefore, the use of yeast cell viability and the
response effect to study the toxicity of CNT will provide an
excellent tool for determining a prototype similar to hu-
mans. Currently, there are very limited data on the viability
and cellular response effects to NPs using yeast cells as a
model. The current study therefore, aimed to investigate
the viability and cellular response of preteine CNTs
(p-CNTs) and functionalised CNTs (f-CNTs) of S. cerevisiae
in vitro. The use of f- CNTs are essential for the integration
of these materials into different systems for technological,
biological and biomedical applications (Pastorin et al.,
2006).
2. Materials and methods
Ferocene, sulphuric and nitric acid, methanol, diethyl ether,
ethanol, sodium sulphate anhydrous, acetone, D-glucose
powder, polyethyleneimine, peptone buffered water, sodium
carbonate anhydrous, glycerol, malt extract agar , peptone
powder and yeast extract powder were obtained from Merck
Chemicals (Pty) Ltd., South Africa. Thionyl chloride, para-
formaldehyde, N-ethyldi-isopropulamine and ninhydrin were
obtained from Merck, Schuchardt OHG,Honenbrum,
Germany. Chloroform-d, red cell linker kit, ﬂuorescein iso-
thiocyanate (FITC) and N-tritylglycine 98% were obtained
from Sigma–Aldrich, Steinheim, Germany and 90 mm pet-
ri-dishes from Plastpro Scientiﬁc, Edenvale, Gauteng, SA.All the regents and chemicals used in the study were of ana-
lytical grade.
2.1. The production and functionalisation of carbon nanotubes
The modiﬁcation of chemical vapour deposition (CVD),
termed as the swirled ﬂoating catalyst (SFCCVD) was used
to produce the MWCNTs according to Yah et al. (2011b).
The p-MWCNTs were functionalised using puriﬁed H2SO4/
HNO3 in a 3:1 (v/v) ratio and 30% HNO3 acid to create car-
boxylic groups (–COOH) by sonication for further coupling
(Ngoy et al., 2011). The oxidised MWCNTs (o-MWCNTs)
were coupled with thionyl chloride to create the negative
charge necessary for amide coupling. The 1,3-dipolar cycload-
dition coupling of N-tritylglycine, the deprotection of the trityl
group from the protected MWCNTs-COCl glycine and the
coupling of ﬂuorescent probe on MWCNT-free amide sites
were done according to Georgakilas et al. (2002) as shown in
Fig. 1. The produced CNTs were characterised using TEM,
BET, Raman spectroscopy, TGA and 1H NMR. The various
MWCNTs were then sterilely (ﬁltration) and serially (10 fold
dilution) diluted in a biosafety cabinet and sonicated as stock
for further analyses.
2.2. Cultivation of S. cerevisiae
The pure S. cerevisiae strain used throughout the work was
obtained from the School of Molecular and Cell Biology of
the University of the Witwatersrand and maintained onto
malt extract agar (MEA) for further use. The growth curves
of the S cerevisiae inoculated with pristine and f-MWCNTs:
2, 3, 6, 10, 20 and 40 lg/ml were monitored on peptone and
glucose (YPD) by measuring the absorbance of light by the
yeast sample using a spectrophotometer (Ultrospec 2000
UV–vis spectrophotometer). The cell viability was deter-
mined using the standard plate count. The cell imaging of
S. cerevisiae was done using the linker kit (PKH26-GL)
according to the manufacturer’s instructions. The cells were
then viewed with a Zeiss confocal laser ﬂuorescence scanning
microscope.
3. Results and discussion
3.1. Transmission electron microscopy (TEM) analysis
The TEM micrographs of p-MWCNTs are shown in Fig. 2a
while the acids o-MWCNTs (1:3 HNO3/H2SO4 acid and nitric
acid) are shown in Fig. 2b and c. The MWCNTs structures’
ranged from 53 ± 12 nm in diameter and lengths of
2.5 ± 0.5 lm. The results are similar those earlier reported
by Abdulkareem et al. (2007) and Yah et al. (2011b). The
SEM images of the pristine and o-MWCNTS are shown in
Fig. 3a–c with length distribution of 1 ± 0.5 lm.
Figure 1 Schematic reaction of 1,3-dipolar cycloaddition of tritylglycine protected and functionalisation of the MWCNT.
Figure 2 (a) TEM micrograph of pristine MWCNTs, (b)
oxidised MWCNTs after 1:3 HNO3/H2SO4 acid treatment and
(c) 30% HNO3 oxidized MWCNTs.
Figure 3 (a) SEM Micrograph of p-MWCNTs, (b) 30% HNO3
oxidized and (c) 1:3 HNO3/H2SO4 oxidised MWCNTs.
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The BET results in Table 1 show the surface area (SA), average
pore volume and average pore diameter of pristine, 30%
HNO3 acid and 1:3 HNO3/H2SO4 acid treated MWCNTs,
respectively. There was no signiﬁcant difference between the
surface area of the untreated and treated MWCNTS. The sur-
face area was not as large as those reported by Bacsa et al.
(2000).3.3. The Raman spectroscopy analysis of the MWCNT
The Raman spectra of pristine, 30% HNO3 and 1:3 HNO3/
H2SO4 treated MWCNTs at 514.5 nm are shown in Table 2.
The spectra of the D bands correspond to disordered carbon
around 1350 cm1 while the G bands and the split tangential
mode occurred around 1500–1600 cm1. The Raman spectra
differed from those reported by Bacsa et al. (2000) and Yah
et al. (2011a) that had a higher proportion of tubular carbon.
The closer the ID/IG to 1 the better the quality of CNTs pro-
duced. Nitric acid treated CNTs (ID/IG = 1.01) produced the
Table 2 Raman spectra results of pristine, 30% HNO3 and 1:3 HNO3/H2SO4 MWCNTs treated.
Sample Band position Band intensity Intensity ratio
ID/IG
Band width
D1 G ID IG D1 G
Pristine MWCNTs 1324 1587 37 36 1.03 194 75
30% HNO3 acid treated MWCNTs 1321 1584 72 71 1.01 182 74
1:3 HNO3/H2SO4 acid treated MWCNTs 1327 1582 36 26 1.39 159 97
Table 1 BET results of MWCNTs.
Sample SA (m2/g) Average pore volume (cm3/g) Average pore diameter (nm)
Pristine MWCNTs 31.6 0.16 20.6
30% HNO3 treated MWCNTs 36.0 0.16 17.3
1:3 HNO3/H2SO4 29.5 0.10 13.4
150 C.L. Phillips et al.best MWCNTs that can be used for further application as op-
posed to pristine and nitric/sulphuric acid MWCNTs.
From the TGA analysis, the p-MWCNTs were found to
decompose easily and reported the highest value of the metal
catalyst (13.20%). 30% HNO3 oxidation showed 9.70%
while 1:3 HNO3/H2SO4 reported catalyst impurities of
11.67%. Thus the 30% HNO3 treatment removed more me-
tal catalysts than 1:3 HNO3/H2SO4 (data not shown). The
thermal stability of CNTs depends on the side wall ‘‘defects’’
and the amount of metallic impurities. The thermal proper-
ties of the MWCNTs from the 1,3-dipolar cycloaddition
reaction were investigated by TGA. The residual amount
of impurities in the functionalised sample was 0.5% in com-
parison to the non-functionalised MWCNTs with residual
impurities of 10.5% (data not shown).
3.4. Characterisation of functionalised multiwalled carbon
nanotubes
The carboxylic groups were introduced onto the surfaces of
MWCNTs by employing acid treatment. The FITC was cova-
lently attached to the o-MWNT via a 1,3-dipolar cycloaddition
reaction of trityl protected glycine (Georgakilas et al., 2002).
The progress of functionalisation was tracked by TEM, 1H
NMR spectroscopy, TGA and confocal microscopies.
TEM was used to investigate the structures of the
un-functionalised product from the 1,3-dipolar cycloaddition
reaction, N-tritylglycine functionalised MWCNTs and FITC-
MWCNTs. Fig. 4a and b show the micrographs of N-
tritylglycine functionalised MWCNTs and FITC-MWCNTs,
respectively.
The 1H NMR spectrum of N-tritylglycine functionalised
MWCNTs shows the presence of the trityl chain at aboutFigure 4 (a) TEM image of N-tritylglycine functionalise7.4 ppm as a broad peak, conﬁrming the attachment of the
trityl group.
Comparison of the 1H NMR spectra of the protected and
deprotected CNTs clearly show the presence or attachment
of the trityl group as a broad peak at 7.4 ppm (data not shown)
while the signal consequently disappeared after treatment with
4 M HCl in dioxane (data not shown).
3.5. Growth response of S. cerevisiae to MWCNTs
To test for the toxicity of CNTs we assessed the growth of the
yeast species which were continuously exposed to disperse pris-
tine and o-MWCNTs. Fig. 5 compares the growth curves of S.
cerevisiae incubated with increasing concentrations of
MWCNTs (2, 3, 5, 6, 10, 20 and 40 lg/ml) to the control
(grown in the absence of p-MWCNTS) at lag, log and station-
ary phases. The results showed no signiﬁcant differences be-
tween the growth curves in the exponential and stationary
phases (p> 0.05). These results were similar to those reported
by Kasemets et al. (2009) who used both nano and bulk TiO2
to test the toxicity of yeast cells. Both the bulk and nano TiO2
at EC50 values of >200000 mg TiO2/l caused no toxic response
which was similar to earlier reports by Heinlaan et al. (2008)
on bacteria V. ﬁsheri (EC50 > 200000 mg/l). However, bulk
and nano ZnO at a concentration of 250 mg/l was found to in-
hibit the growth of yeast proﬁles which were comparable to the
toxicities of algae and Vibrio ﬁscheri at concentrations of 0.034
and 0.030 ZnO mg/l and 1.8–1.9 mg of nano and bulk ZnO/l
for bacteria (Heinlaan et al., 2008; Aruoja et al., 2009). The
surface properties (large surface area) of MWCNTs are essen-
tial for the interactions of the yeast cell walls that constitute a
prime site for the particles entry into the cells (Navarro et al.,
2008).d MWCNTs and (b) micrograph of FITC-MWCNT.
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Figure 5 The growth response curve of S. cerevisiae incubated with different concentrations of p-MWCNTs to the control (incubated
with no MWCNTs).
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Figure 6 The growth response curve of S. cerevisiae incubated with different concentrations of oxidized MWCNTs to the control
(incubated with no MWCNTs).
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Figure 7 The cell viability response of S. cerevisiae incubated with different concentrations of pristine (P) and oxidized (O) MWCNTs to
the control (C, without MWCNTs).
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siae cells are shown in Fig. 6. The results showed no responseeffect as compared to the control (p> 0.05) with no inherent
cytotoxicity.
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The cells were cultured on MEA and inoculated with both
pristine and o-MWCNTs. Neither p-MWCNTs nor o-
MWCNTs affected the viability at 30 C on MEA plates as
shown in Fig. 7. The results were similar to those earlier re-
ported by Mitchell et al. (2004) who used gold and silver col-
loids to test for Saccharomyces toxicity. There was no
signiﬁcant difference between the cell viabilities of p-MWCNT
and f-MWCBNT (p> 0.05).
3.7. Scanning electron microscopy analysis of S. cerevisiae
In order to elucidate the effect of CNTs on cell morphology,
yeast cell suspensions were incubated with varying concentra-
tions of CNTs and compared to the control which was incu-
bated without CNTs. Yeast cells were incubated
(concentrations 0, 25, 5 and 100 lg/ml of CNTs) for a period
of 3 days. Fig. 8a–d show the morphological effect of the yeast
cells to CNTs. The yeast cells in Fig. 8a and b were used as the
control as compared to the treated cells in Fig. 8c and d.
After 3 days of incubation, S. cerevisiae cell suspensions
showed no morphological damage at concentrations of 0, 25,
50 lg/ml of CNTs. However, the 100 lg/ml concentration ofFigure 8 (a) SEM micrographs of S. cerevisiae incubated without
micrographs of S. cerevisiae incubated with p-MWCNTs showing a
cerevisiae cells with intact cell walls.
Figure 9 (a) Confocal image of S. cerevisiae cells incubated with MW
FITC, (c and d) confocal images of red stained membrane of S. cerevCNTs to S. cerevisiae cells showed a partial loss of content
with a middle wall deformation as shown in Fig. 8c. Cells lost
their intracellular content, resulting in an empty deformed cell
wall. This suggests that at high concentrations CNTs may be
toxic to cells. These results were similar to those reported by
Adams et al. (2006) that at higher values TiO2 inhibits the
growth of Bacillus subtilis and Escherichia coli which was in
line with those of Aruoja et al. (2009) that both bulk and nano
TiO2 can cause toxicity to microalgal cells. Close contact there-
fore between the MWCNTs and the yeast cells mostly has ta-
ken place before cell membrane deformation, disruption and
leakage occurs. The disruption of the cell membranes can
cause additional toxic effects such as reactive oxygen species
(ROS) which mediate oxidative stress (Xu et al., 2011). The
disruption of environmental organisms cell membranes leading
to inﬂammation and oxidative stress from ROS damage (cellu-
lar proteins, DNA, lipids and carbohydrates) has been re-
ported by Kasemets et al. (2009).
3.8. Fluorescein isothiocyanate (FTIC) confocal microscopy
results
Fluorescence microscopy was used to track the distribution of
MWCNT-FITC inside the cells. Confocal images clearly showMWCNTs, (b) illustrating a single budding S. cerevisiae cell, (c)
single cell with loss of intracellular content and (d) group of S.
CNT-FITC, (b) confocal image of S. cerevisiae cells incubated with
isiae cells.
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Figure 10 Growth response curve of S. cerevisiae incubated with 20 lg/ml pristine, oxidized, FITC-MWCNTs and the control.
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incubating the yeast cells with 20 lg/mL of FITC-MWCNT
for 1 h green ﬂuorescence was observed throughout the cell
(Fig. 9a. Work done previously on different human cell types
reported ﬂuorescence FITC functionalised single walled car-
bon nanotubes (SWCNTs) concentrated at certain compart-
ments of the cell such as the cytoplasm and nuclei without
being toxic to the cell upto 10 lM (Pantarotto et al., 2004).
The results were in agreement with those of Zhou et al.
(2010) who showed that FITC-SWCNTs incubated with HeLa
cells did not remain on the outside membrane but transversed
the membranes and localised in the subcellular cell compart-
ments of the lines. The results were dissimilar to the ﬁndings
of Kostarelos et al. (2007) who reported CNT uptake by the
cell at 60%. The present study, showed a huge uptake of the
MWCNTs within the yeast cells. Cells incubated with FITC
only (not conjugated to MWCNTs), showed no ﬂuorescence
within the cell and were restricted from across the cell mem-
brane barrier (Fig. 9b). In order to examine S. cerevisiae cells
incubated without MWCNTs by ﬂuorescence microscopy, cells
were stained with PKH 26GL Red ﬂuorescent cell linker kit
and examined under ﬂuorescence microscopy. Fig. 9d and c
show the red ﬂuorescence cell membrane of the cells as well
as the characteristic budding of yeast cells without signs of
the CNTs internalisation. The results were in agreement with
those of Zhou et al. (2010) who showed that FITC alone when
incubated with HeLa cells remained on the outside membrane.
The inﬂuences of pristine and 30% nitric acid o-MWCNTs
and FITC-MWCNTs on cell growth were assessed spectropho-
tometrically. The growth curves of pristine, o-MWCNTs and
FITC-MWCNTs were compared to the control. The results
showed no signiﬁcant differences at p> 0.05 after 20 lg/ml
of MWCNT incubation (Fig. 10). The FITC-MWCNTs up-
take by S. cerevisiae cells, was similar in pattern to the control,
pristine and o-MWCNTs.
4. Conclusion
The MWCNTs were produced by the SCCVD technique. The
quality of puriﬁed MWCNTs resulting from the 30% HNO3
was higher than that of 1:3 acid treated HNO3/H2SO4. At both
low (2 lg/ml) and high (40 lg/ml) concentrations ofMWCNTs incubation, yeast cells induced no growth response
and cell viability effect when compared to the control. How-
ever, higher concentrations of (100 lg/ml) MWCNTs may in-
duce toxic effects. Un-conjugated FITC to MWCNTs was
restricted from crossing the cell membrane barrier. The
FITC-MWCNTs conjugates translocated inside all the cell
compartments of the S. cerevisiae. The FITC-MWCNTs did
not induce changes in the S. cerevisiae growth response. How-
ever, further experiments are needed to ascertain the toxicity
because of its prime importance in biological and industrial
applications.
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